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I.  \INTRODUCTION  AND  SUMMARY 


<-JThi8  report  summarizes  a  joint  project  by  the  University  of  California 
and  the  Naval  Weapons  Center,  funded  through  Contract  N00014-79-C-0855 
from  the  Office  of  Naval  Research  (ONR) .  The  project  was  supported  from 
September  1979  to  October  1981  by  ONR,  and  concerned  a  newly  discovered 
surface  science  technique.  Photon  Stimulated  Ion  Desorption  (PSID).  The 
goals  in  the  project  were  of  two  types:  (1)  performance  of  experiments 
using  existing  and  borrowed  equipment  and  (2)  development  of  a  time-of- 
f light  angle  resolved  PSID  spectrometer. 

The  report  will  Include  a  brief  description  of  PSID,  a  description  of 
experiments  performed,  and  status  of  the  apparatus  under  construction. 

II.  SCIENTIFIC  BACKGROUND 

When  a  surface  is  irradiated  with  photons  In  a  certain  energy  range, 

ions  are  observed  to  desorb  from  the  surface.  This  process  is  called 

Photon  Stimulated  Ion  Desorption.  Knotek,  Jones,  and  Rehn*  demonstrated 

direct  PSID  for  the  first  time  using  synchrotron  radiation.  This  discovery 

provided  strong  support  for  an  Auger  decay  mechanism  recently  proposed  by 

? 

Knotek  and  Felbelman  to  explain  electron  stimulated  desorption  (ESD) ,  a 
related  technique  in  which  ions  desorb  from  a  surface  upon  excitation  by 
electrons.  Crucial  to  the  discovery  of  PSID  was  the  development  of  the 


time-of-f light  technique,  which  allowed  a  high  sensitivity  and 
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simultaneous  data  collection  of  all  ions.  Previous  attempts  to  observe 

* 

ions  had  not  been  successful.  It  was  anticipated,  in  analogy  to  ESD, 
that  angular  distributions  of  the  ions  leaving  the  surface  would  have  a 
direct  relationship  to  the  bonding  geometries  on  the  surface. 

The  Auger  decay  model  implies  that  the  ion  desorption  yield  should 
be  proportional  to  the  photon  absorption  cross  section.  This  has  the 

y  1 

following  two  consequences:  (1)  It  is  possible  to  determine  which  substrate 
atom  the  desorbed  ion  came  from.  For  instance,  considering  water  adsorbed 
on  TIO2,  a  large  increase  in  hydrogen  yield  from  below  to  above  the  oxygen 
Is  absorption  edge  could  be  attributed  to  hydrogen  bonded  to  oxygen.  In 
the  same  way,  desorption  of  some  adsorbate  on  GaAs  may  be  able  to  indicate 
whether  the  adsorbate  was  bonded  to  the  Ga  or  the  As.  Answers  to  these 
questions  are  of  fundamental  interest  to  surface  scientists  and  to  industry. 
(2)  The  ion  desorption  yield  as  a  function  of  photon  energy  should 

l 

display  oscillations  known  as  Extended  X-ray  Absorption  Fine  Structure 

I 

(EXAFS).  Analysis  of  these  oscillations  yields  nearest  neighbor  bonding 
distances  of  surface  atoms. 

In  particular  EXAFS  using  PSID  should  give  site  selective  bond 
distances — the  nearest  neighbor  bond  distances  from  the  specific  substrate 
atom  which  the  ion  had  desorbed  from. 

Finally,  PSID  has  great  sensitivity  to  certain  atoms.  PSID  is  one 
of  the  few  techniques  for  studying  hydrogen  on  surfaces  and  also  is  very 


sensitive  to  fluorine;  in  one  study  fluorine  was  detected  using  PSID 

which  was  unmeasurable  using  a  conventional  surface  science  technique.  Auger 

spectroscopy. 


In  summary  PSID  is  a  new  surface  science  technique  having  a  number 
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of  attractive  features,  Zt  Is  sensitive  to  hydrogen  and  other  atoms 
adsorbed  on  surfaces  which,  while  of  great  importance,  are  difficult  to 
study  using  conventional  techniques.  Ion  angular  distributions  show  promise 
in  determining  bond  geometries,  and  EXAFS  using  PSID  can  give  site 
selective  bond  distances.  Clearly  research  for  the  future  should  follow 
along  two  lines:  1)  Apply  the  technique  to  study  properties  of  surfaces 
and  2)  to  try  to  extend  understanding  of  the  mechanism  of  PSID. 

The  Auger  decay  model,  formulated  to  understand  desorption  from 
lonlcally  bonded  systems,  must  be  examined  for  the  cases  of  covalent 
bonding  and  physisorptlon.  For  these  systems  other  mechanisms  may  be  in 
operation. 

III.  EXPERIMENTAL  RESULTS 

This  section  lists  the  experimental  papers  already  published,  papers 
in  press,  and  works  in  progress  and  result  of  the  ONR  contract.  These 
papers  resulted  from  experiments  performed  from  existing  and  borrowed 
equipment.  The  papers  already  published  are  Included  in  an  appendix. 

The  Chemical  make-up  of  Nb  and  Nb^Sn  Films5  concerns  superconductor 
surfaces,  and  PSID  is  used  to  characterize  the  surfaces  of  these  films. 

Quite  a  number  of  ions  are  observed  using  PSID  which  are  below  the  detection 
limits  of  Auger  spectroscopy,  confirming  the  usefulness  of  PSID  in  such 
studies. 

Desorption  from  GaAs(110)/H20  is  studied;5  only  hydrogen  ions  are 
observed.  Desorption  of  hydrogen  ions  from  amorphous  ice^  is  part  of  an 
ongoing  study  of  condensed  gases,  and  it  is  hoped  that  an  understanding 
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of  PSID  from  hydrogen  bonded  and  van  der  Uaala  systems  will  ensue.  Photon 

g 

stimulated  Ion  desorption  from  oxidized  cerium  shows  strong  pre-edge 

atomic-like  resonances,  and  conclusions  have  been  formulated  concerning 

the  valency  of  the  hydrogen  bonded  cerium.  An  oxidation  study  of  titanium 

9 

has  been  performed.  A  comparison  of  the  near  edge  structure  to  PSID 
yield  is  being  completed  for  BeO,  AljO^ »  and  SiC^.  A  detailed  study  of 
the  Auger  decay  mechanism  is  in  progress  in  the  NaF  system.  The  mechanism 
of  PSID  is  reanalyzed*^  in  the  case  of  hydrogen  in  Pd  (100). 

IV.  STATUS  OF  THE  TIME-OF-FLIGHT  ANGLE  RESOLVED  PSID  SPECTROMETER 

To  exploit  the  advantages  of  angular  resolved  PSID  while  retaining 

the  advantages  of  the  time-of-f light  method,  a  unique  data  analysis  sytem 

was  proposed.  A  position  encoder  system  used  in  electron  spectroscopy*-*- 

12 

was  to  be  used  in  conjunction  with  a  time-of-f light  (TOF)  analyzer. 

In  this  way  one  would  be  able  to  collect  ions  desorbing  in  all  directions 
and  also  acquire  and  distinguish  all  of  the  masses  simultaneously.  In 
contrast,  a  conventional  mass  spectrometer  would  be  able  to  collect  only 
a  small  angular  range  and  only  one  mass  at  a  time.  Clearly  the  position 
encoding  TOF  analyzer  would  be  several  orders  of  magnitude  more  sensitive 
than  a  conventional  mass  spectrometer,  bringing  many  experiments  to  the 
realm  of  possibility. 

In  addition  the  spectrometer  would  be  capable  of  state-of-the-art 
low  energy  electron  defraction  spectroscopy.  Using  a  pulsed  electron  gun, 
ion  kinetic  energy  distributions  and  angular  desorption  patterns  could  be 


obtained  using  ESD. 
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After  the  ONR  contract  was  awarded,  work  began  on  constructing  an 
angle  resolving  time-of -flight  analyzer  system.  Electrostatics 
calculations  were  performed  to  determine  an  optimal  geometry.  Surface 
science  equipment  was  purchased.  This  equipment  Included  an  ion  pump, 
a  gate  valve,  a  LEED  system,  an  ion  gun,  a  titanium  sublimation  pump,  an 
ionization  control  unit,  and  a  sample  manipulator.  Two  75  mm  mlcrochannel 
plantes  and  a  large  resistive  anode  were  purchased  for  the  analyzer. 
Position  encoder  electronics  were  fabricated  and  plans  for  the  micro- 
channel  plate  detector  assembly  were  drafted.  A  chamber  was  purchased 
and  a  cart  built  to  house  the  system. 

The  funds  provided  were  insufficient  to  finish  the  project.  In 
particular,  a  turntable  system,  built  on  separate  funds,  remained 
unfinished  and  the  data  routing  system  necessary  to  process  the  time  and 
position  data  had  not  been  built. 


V.  FUTURE  OF  THE  PROJECT 

There  remain  two  possibilities  for  the  continuation  of  the  project: 

(1)  A  limited  amount  of  funds  has  been  authorized  for  the  construction  of 
an  elliptical  electron  energy  analyzer  by  the  D.A.  Shirley  group  at 
University  of  California  at  Berkeley.  The  elliptical  analyzer  should 
also  be  useful  in  the  study  of  PSD.  In  addition  to  pooling  funds,  a 
joining  of  these  two  projects  would  involve  a  larger  number  of  students 
working  to  finish  the  project.  (2)  Victor  Rehn  and  Richard  Rosenberg  at  the 


Naval  Weapons  Center  plan  to  apply  for  further  funds  to  complete  the  project. 
The  project  described  in  this  report  concerns  development  of  an 
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Important  new  technique  in  surface  science.  PSID  can  be  used  to  study 
adsorbates  such  as  hydrogen  that  are  of  major  interest  yet  difficult  to 
study  by  any  other  method;  in  addition,  PSID  has  a  bright  future  in  the 
determination  of  surface  geometries  of  adsorbates.  The  proposed  detector 
represents  a  significant  advance  over  existing  equipment  in  terms  of  its 
angle  and  mass  resolving  capabilities  combined  with  its  high  collection 
efficiency.  Development  of  this  experimental  apparatus  would  enable  a 
whole  new  class  of  PSID  experiments  to  be  performed  and  lead  to  a  better 
understanding  of  adsorbate  bonding  on  surfaces.  It  is  very  unfortunate 
that  funding  was  not  continued  so  as  to  enable  the  time-of-flight  angle 
resolved  spectrometer  to  be  completed. 
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THE  CHEMICAL  MAKEUP  OP  Mb  AMD  MbjSn  FILMS* 


Victor  Bohn,  A.  K.  Croon,  k.  A.  Rosenberg 
Mlchslson  Laboratory,  Maval  Weapons  Cantor,  China  Laka,  California  93555 

G,  Loubrlal 

Sand la  National  Laboratorlaa,  Albuquerque,  New  Mexico  87108 
C.  C.  Parka 

Lawrence  Berkeley  Laboratorlaa,  Berkeley,  California  94720 

We  report  the  identification  and  distribution  of  lnpuritles  found  in  fllns  of  Nb  and 
NbjSn  which  wera  grown  by  multiple-source  electron-bean  coevaporation.  Both  Auger- 
electron  spectroscopy  (AES)  and  photon-stinulated  ion  desorption  (PSID)  were  used. 

The  PSID  results  show  large  desorption  yields  of  hydrogen  froa  surface  carbon,  oxygen, 
silicon,  and  alualnua  lapurlty  sites  on  the  Nb  fllns.  Froa  the  Nb3Sn  fllns,  the 
doalnant  PSID  yield  was  again  hydrogen,  which  desorbed  primarily  from  surface  oxygen 
sites.  Only  after  reaoval  of  1-6  na  of  aaterlal  by  Ar-lon  sputtering  was  0*  observed 
to  be  desorbed  froa  Nb.  0+  desorption  fro*  Sn  tins  never  observed.  The  AES  results 
showed  only  carbon,  oxygen,  and  a  trace  of  alualnua  lnpuritles  in  either  aaterlal. 
Using  Ar-lon  sputter  etching,  the  depth  profiles  of  these  lnpuritles  within  the  fllns 
were  measured. 


1.  INTRODUCTION 

We  report  the  first  application  of  photon- 
stimulated  ion  desorption  (PSID)1-3  to  the 
study  of  superconductor  surfaces.  In  this 
recently  developed  surface-analysis  technique, 
desorbed  ions  are  mass  analyzed  by  the  highly 
sensitive  tiae-of-f light  method,  and  their 
desorption  sites  arc  identified  by  excitation 
thresholds  associated  with  core  levels  of 
surface  bonding  partners.  Thus,  by  observing 
the  ion  desorption  rates  vs  photon  excitation 
energy,  positive  identification  of  the  dasorbed 
ion  with  its  surface-bonding  partner  may  be 
made.  The  photo-desorption  mechanism  active  in 
this  case  involves  a  single  quantum  excitation 
which  yields  a  low-energy  desorbad  ion  from  the 
outermost  atomic  layer  only. 1 «4  Thus,  PSID 
offers  a  highly  sensitive,  altc-selectlve, 
surface-layer  chemical  analysis  which  does  not 
perturb  the  surface  appreciably. 

2 .  RESULTS 

2.1  PSID.  The  results  of  our  PSID  analysis  of 
Nb  films  In  the  nearly  as-produced  state  showed 
the  doalnant  positive-ion  species3  desorbed  to 
be  If*  which  had  been  bonded  to  surface  carbon, 
oxygen,  silicon,  or  aluminum  impurity  sites, 
but  not  to  Nb.  Other  ions  desorbed  at  much 
lower  rates  were  (in  order  of  decreasing  yield) 
0*.  F*.  Na+,  CH j*,  OH*,  CH2+,  CO*,  H2*.  Cl*, 
and  K*. 

After  in  situ  Ar-lon  sputtering  to  remove  1- 
5  na  from  the  surface,  the  desorbed-lon  mass 
spectrum  changed  significantly.  The  yield 
rates  Increased  for  H*.  0*,  and  P*.  while  all 
other  desorbed  species  either  vanished  or 
diminished.  The  H*  yield  rate  doubled,  while 


the  0*  and  F*  yields  Increased  20-  and  30-fold, 
respectively.  Excitation  spectra  showed  less 
C-H  and  Sl-H  sites  and  no  Al-H.  More  0-H,  C-OH, 
C-0,  and  Si-OH  sites  were  observed,  and  weak 
Hb-H  and  Nb-0  thresholds  were  observed. 

A  similar  analysis  of  Nb3Sn  films  showed  thea 
to  be  somewhat  cleaner  in  the  nearly  as-produced 
state.  The  dominant  positive-ion  species 
desorbed  was  again  H*,  which  cane  mainly  from 
surface  oxygen  sites.  No  Nb-H  or  Sn-H  thresh¬ 
olds  were  observed.  At  much  lower  desorption 
rates  were  0*.  F*.  H2*,  CH3*,  NO*,  and  CO*. 

After  Ar-lon  sputtering  to  remove  2-6  na  from 
the  surface,  the  desorption  spectrum  changed, 
dramatically,  as  shown  in  Figure  1.  Desorption 
rates  for  K*,  0*,  and  F*  increased  by  factors 
of  7,  300,  and  240,  respectively.  The  excita¬ 
tion  spectra  showed  thresholds  for  Nb-O  and  Nb-H 
sites.  A  careful  search  failed  to  reveal  any 
evidence  of  desorption  from  Sn  sites,  however. 

2.2  AES.  Auger  spectra  were  obtained  on  each 
surface  in  situ  before  and  after  sputter  etch¬ 
ing  or  oxidation.  With  the  gentle  (2  kV) 
sputtering  ion  beam  used,  only  1-6  nm  of  mater¬ 
ial  was  removed.  The  AES  spectra  showed  a 
gradual  reduction  of  carbon  and  oxygen  Impurity 
peaks  accompanied  by  a  gradual  growth  and 
sharpening  of  the  Nb  and  Sn  peaks.  Neither  C 
nor  0  peaks  were  sputtered  away  completely  in 
the  in  situ  surface  treatments.  Subsequently, 
quantitative  AES  sputter-profiling  measurements 
were  performed  at  China  Lake  which  showed  the 
best  of  samples  to  have  nearly  51  each  of  C  and 
0  within  the  surface  layer  sampled  by  AES. 

These  concentrations  diminished  by  half  after 
removal  of  about  5  nm  of  material  and  were 
below  IX  in  the  bulk  of  the  films. 
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Figure  X  :  Photon-stimulated  Ion  deeorptlon 
■pectrua  for  NbjSn.  The  upper  apectrua  la 
before  sputtering,  and  the  lower  one  la  after 
aputterlng.  Several  other  mass  peaka  are  too 
email  to  be  aeen  on  thla  acale  (aee  text). 

3.  DISCUSSION 

The  aaaplea  studied  were  prepared  for  ua  at 
Stanford  University  by  multlple-aource  electron- 
beam  coevaporation  with  feedback  control.6  The 
aaaplea  were  packaged  In  Ng-fllled  plaatlc  bags 
for  transport  and  loaded  within  a  few  hours 
Into  the  PSID  chamber  at  the  Stanford  Synchro¬ 
tron-Radiation  Laboratory,  where  the  PSID 
experiments  were  performed.**  He  baked  the  sam¬ 
ples  to  S00*C  during  the  chamber  pumpdown:  the 
lack  of  a  nitrogen  desorption  pattern  Indicated 
that  the  effects  of  packing  in  nitrogen  did  not 
survive  the  bake.9 


The  huge  increases  in  PSID  yield  rates  after 
sputter  etching  must  be  attributed  partly  to 
the  surface  damage  Induced  by  the  Ar-lon  sputter¬ 
ing.  For  a  single-quantum  desorption  mechanism, 
the  probability  of  desorption  la  considerably 
greater  at  damage  sites  where  the  desorbed 
species  la  singly  coordinated  on  the  surface.2»3 
However,  the  greatly  Increased  0+/H+  yield  ratio 
shown  In  Figure  1  cannot  be  accounted  for  on 
this  basis  alone,  and  we  suggest  that  the  sput¬ 
tered  surface  has  a  much  larger  concentration 
of  oxygen  exposed  In  the  outermost  layer  than 
the  unsputtered  surface.  This  effect  waa  also 
observed  on  Nb  films,  but  not  so  dramatically. 
Sputtering  Increased  the  yield  rates  of  H*,  O* , 
and  F*  Ions  from  a  Nb  film  by  factors  of  2,  20, 
and  30,  respectively,  and  H*  remained  the 
dominant  species  desorbed.  These  findings  are 
In  agreement  with  the  conclusions  of  Miller  et 
al. 7  who  have  proposed  that  the  oxygen  diffuses 
Into  Nb  quite  deeply,  forming  successive  layers 
of  NbO,  NbO; ,  and  N^Oj,  while  In  NbjSn  the 
oxidation  process  la  self-limiting.  Our  Inabil¬ 
ity  to  observe  desorption  from  Sn-0  sites  could 
be  evidence  that  these  sites  are  not  found  on 
the  surface  or  that  desorption  from  them  Is 
unlikely  for  some  other  reason.  Further  work 
la  required  before  the  role  of  Sn-0  sites  In 
PSID  can  be  determined. 

*We  gratefully  acknowledge  the  excellent  collab¬ 
oration  of  M.  R.  Beasley,  R.  Hammond,  and  T.  H. 
Geballe  who  prepared  films  of  Nb  and  NbjSn  for 
us.  *The  Sandla  National  Laboratory  is  a  Depart¬ 
ment  of  Energy  facility.  **The  Stanford 
Synchrotron-Radiation  Laboratory  la  supported  by 
the  National  Science  Foundation  In  cooperation 
with  the  Department  of  Energy. 
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The  photon  stimulated  ion  desorption  yield  of  H+  ions  from  a  HpO  dosed 
GaAs(llO)  surface  has  been  measured  in  the  range  l8eV  (  hv  ;  30eV. 

There  is  a  direct  correspondence  between  the  PSID  H*  yield,  reflectance, 
and  the  secondary  electron  yield  spectrum  of  GaAs(llO).  The  data 
provides  evidence  that  the  initial  stages  of  PSID  involve  core  level 
(Gat  3d),  0(2s))  -*  conduction  band  excitation  followed  by  Auger  decay. 


Several  studies  of  photon-stimulated  ion 
desorption  (PSID)  from  well  characterised  sur¬ 
faces  have  now  been  carried  out. 1_5  These 
followed  from  the  first  observation  of  PSID  via 
K*  and  OH*  PSID  from  a  H^O  dosed  T1O2  sample.® 

At  the  present  early  stage  of  development ,  the 
PSID  technique  holds  promise  for  the  site 
specific  determination  of  adsorbate-substrate 
bond  geometries  and  associated  bond  lengths.1-^ 
To  a  large  extent  this  is  dependent  on  the 
applicability  of  the  Knotek-Feibelman  (KF) 
model  of  PSID  (and  ESD) J  This  supposes  the 
initial  step  to  be  the  creation  of  a  core  hole 
in  a  substrate  or  adsorbate  atom,  followed  by 
inter-  or  intraatomic  Auger  decay  from  the 
adsorbate  valence  levels  or  adsorbate-substrate 
bond. 

It  has  been  argued'  that  the  KF  model  vill 
be  most  clearly  observed  in  maximal  valency 
ionic  substrates,  so  that  intraatomic  Auger 
processes  cannot  occur  on  substrate  atoms. 
Consequently,  much  of  the  previous  effort  has 
beer,  concentrated  in  the  study  of  ionic  sub¬ 
strates  or  ionic  adsorbate-substrate  systems, 
e.g.  oxygen  on  W(lll).^  If  an  ionic  model  is 
applicable,  then  after  losing  one  or  more 
electrons  ir.  the  Auger  process(es)  the  ionised 
adsorbate  ( anion ;  could  be  ejected  into  the 
vacuum  by  the  Madelung  site  potential 

The  aim  of  the  work  described  in  the  pre¬ 
sent  communication  was  to  investigate  PSID  from 
ar.  adsorbate-substrate  system  where  the  bonding 
is  iixely  to  be  relatively  covalent,  namely 
kyl  dosed  GaAs (110;. 

Lx:  erimer.tal 

Tr.e  experiments  were  performed  on  the  8° 
near.  *ine  'weV  <  hv  f  35eV,  at  the  Stanford 
.  yn-nrotror.  Radiation  Laboratory  (SSRL).  Under 
certain  operating  conditions,  the  pulsed  nature 
of  tr.e  source  I O.i*  ns  width,  780  ns  repetition 
period  1  allows  the  use  of  a  t ime-of-flight  'TVf  1 
mass  spectrometer  in  PSID  studies.  The  T0F 


apparatus  employed  is  described  elsewhere.  A 
monochromator  band-pass  of  2.5  8  was  employed. 

The  Zn-doped  ( 5x10^5  cm*^)  p-type  GaAs 
sample  was  cleaved  in  a  vacuum  of  ca.  5xl0“10 
Torr.  A  (110)  surface  of  mirror-like  quality 
was  obtained.  Following  the  cleave,  a  normal 
photoemission  spectrum  (hv  •  25eV)  was  recorded. 
The  fora  of  the  spectrum  is  in  accord  with 
previous  work. 9  PSID  measurements  were  made 
after  exposure  of  the  surface  (293K)  to  L000  L 
of  H2O  (1L  «  1x10'®  Torr  s).  A  grazing 
incidence  geometry  was  employed,  with  the  E 
vector  at  an  angle  of  16°  to  the  surface  nor¬ 
mal.  The  front  of  the  TOF  drift  tube  was 
approximately  parallel  to  the  (110)  surface.  To 
avoid  low  level  surface  contamination,  a  LEED 
pattern  was  obtained  following  the  PSID  measure¬ 
ments.  A  well  ordered  surface  was  indicated  by 
the  (lxl)  pattern  observed. 

Results  and  Discussion 

Little  work  has  been  carried  out  on  the 
HpO  dosed  GaAs (110)  system,  although  a  recent 
UPES  study  tentatively  concluded  that  HpO  is 
molepularly  adsorbed  at  300K  for  exposures  of 
<  IO^L.10  fa  higher  exposures  physisorption  is 
supposed  to  occur .1®  In  this  study,  however, 
only  H*  ions  were  detected  in  the  PSID  yield 
suggesting  that  at  exposures  of*  LxlO-^L  H2O  is 
dissociatively  adsorbed  on  a  GaAs(llO)  surface. 
However,  it  should  be  noted  that  only  H*  ions 
are  photodesorbed  from  amorphous  ice.  The 
variation  in  H*  PSID  yield  with  photon  energy 
is  shown  in  Fig.  1.  There  is  clearly  a  thres¬ 
hold  for  PSID  at  hv  il9eV,  corresponding 
approximately  to  the  threshold  for  uaiid)-r 
conduc.  ion-band  excitation  in  bulk  GaAs.11  The 
structure  in  the  H*  yield  curve  between  21eV  $ 
hv  f  24eV  is  similar  to  that  observed  in  the 
E-condary  electron  yield  from  GaAs  ( 110 11^  • 1 3 
and  to  the  reflec*  ar. oe,1*  as  shown  in  Fig.  1. 
Ti.vse  spectra  mirror  the  density  of  bulk  GaAs 
conduction  band  states12  since  the  electrons 
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H  Fill  excitat  icr.  spectrum  of  KcO-dcsed 
Id.'  compared  with  the  rofiectar.oe  'afte; 
i-  and  the  secondary  electron  yield  spe: 
r r  .  li  . 

cexcited  into  the  cor  duct  ion  card, 
c,'i  ,;/i»  each  have  a  hand  width  of  the 

r  iC"-eV.*'  The  two  peaks  at  hv  *  1?.3, 
eV  in  the  secondary  electron  yield 
t rum  arise  from  Ga3i;,/cf3/2  ♦  surface 

tor.  transitions The  surface 
tors  are  thought  to  decay  by  direct 
ri  ir.  at  icr.  ,i-  a  process  which  would  r.ct 
t:  desorption.  However,  it  is  possible 


that  an  Auger  decay  channel  is  open,  giving 
rise  to  H*PSID  at  19eV  t  hv  t  20eV,  below  the 
bulk  threshold.  Alternatively,  it  could  arise 
froo  transitions  from  Ga(3d)  into  adsorbate 
induced  state*  near  the  conduction  band  oinimum. 
Structure  in  the  H4  yield  curve  between  2lteV  i 
hv  (  31eV  presumably  arises  froo  an  initial 
optical  excitation  froo  0(2s)  levels  into 
eonduction-bsnd-like  states.  The  difference 
in  binding  energy,  BEo2g_®EGa3d,fora  GaAsfllCj- 
0  surface  at  high  coverage  was  found  to  be  ca. 
lteV.17  The  doublet  structure  at  25.8eV  and 
27.3eV  could  arise  from  0(2s)  ■*  conduction  band 
excitation  analogous  to  the  Ga(3d)  *  conduction 
band  doublet  at  21eV  and  23eV,  although  the 
0(2s)  levels  are  expected  to  be  considerably 
broader  than  the  Ga(3d)  levels.  + 

The  above  interpretation  of  the  H  PSID  yield 
curve  suggests  dissociative  adsorption  of  H^O  er. 
GaAs(llO),  forming  Ga-H  bonds.  The  -OK  groups 
may  be  bonded  to  arsenic  atoms.  With  the  beam 
line  used  at  S.S.R.L.  desorption  resulting  from 
As(3d)  excitation  (hw  >  l»3eV)  could  not  be  probed 
but  0H+  desorption  was  not  found  in  the  Ga'jd" 
excitation  region. 

In  so  far  as  the  KF  model  of  PSID  involve: 
the  creation  of  a  core  hole  followed  by  Auger 
decay,  it  appears  to  be  applicable  to  the  Kpl- 
dosed  CaAs(llO)  system.  The  mechanism  for  icr 
ejection  from  a  covalent  system  presumably 
involves  the  creation,  in  the  Auger  process,  cf 
one  er  tve  holes  in  adsorbate-sutstrate  bending 
orbitals.  These  orbitals  will  have  appreciable 
substrate  atom  character.  Hence,  Full  can  still 
occur,  even  when  the  excited  substrate  stem  is 
r.ct  in  its  highest  formal  valency  state,  Ifli 
should  therefore  be  a  valuable  tecnr.ic.-.  in 
elucidation  of  adsorbate-substrate  covalent  ten. 
parameters. 
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Within  the  energy  range  17  <  hv  <  35  eV,  the  ionic  species  desorbed  and  their  excitation  spectra  are  reported.  The  on¬ 
ly  positive  ion  desorbed  is  H*.  A  model  for  the  surface  is  suggested  which  explains  the  absence  of  OH*  desorption.  The  de¬ 
sorption  mechanisms  are  discussed  in  terms  of  an  energy  analysis. 


1.  Introduction  and  summary 

Recently  Knotek  et  al.  [1]  demonstrated  that  pho¬ 
ton-stimulated  ion  desorption  (PSID)  from  fully  va¬ 
lent  ionic  compounds  proceeds  primarily  via  a  core- 
hole  Auger-assisted  mechanism.  PSID  has  great  po¬ 
tential  as  an  extremely  surface-sensitive  technique, 
yielding  information  on  the  adsorbate  bonding  site 
and  the  local  density  of  electronic  states.  Experi¬ 
ments  to  date  have  studied  the  interaction  of  various 
adsorbates  with  the  surfaces  of  insulators  [1 ,2) ,  met¬ 
als  [3-6] ,  and  semiconductors  [7] .  However,  no 
study  has  been  reported  of  the  photodissociative  ion¬ 
ization  of  the  pure,  molecular  solid.  Such  studies  are 
a  prerequisite  for  understanding  the  more  compli¬ 
cated  adsorbate  systems. 

As  an  initial  experiment,  we  chose  to  study  the 
photodissociative  ionization  of  condensed  H20  (ice). 
Due  to  its  abundance  in  the  atmosphere,  H20  is 

*  Mailing  address:  Stanford  Synchrotron  Radiation  Labo¬ 
ratory,  SLAC-Bin  69,  P.O.  Box  4349,  Stanford,  California 
94305,  USA 

t  Sandia  National  Labs  is  a  DOE  facility. 


found  on  many  surfaces  in  both  dissociated  and  un¬ 
dissociated  forms.  Also,  the  large  amount  of  hydrogen 
seen  in  ion  desorption  on  nearly  all  surfaces  could 
lead  to  H20  or  OH  formation  by  reaction  with  resid¬ 
ual  atmospheric  oxygen.  In  order  to  determine 
whether  the  ionic  intensity  distributions  seen  in  past 
and  future  PSID  experiments  are  due  to  molecular  or 
dissociated  H20,  investigations  in  which  the  H20  is 
known  to  be  undissociated  are  imperative.  The  re¬ 
sults  presented  here,  together  with  recently  initiated 
studies  of  H20  isolated  in  inert-gas  matrices,  should 
greatly  improve  our  understanding  of  these  phenom¬ 
ena. 

Ice  is  also  known  to  be  a  major  component  of 
outer  space.  In  fact,  Saturn’s  rings  are  thought  to  be 
composed  primarily  of  ice  [8] .  Ultraviolet  “sputter¬ 
ing"  is  thought  to  be  a  primary  process  by  which  ice 
particles  are  evaporated  [8] .  The  present  study  should 
be  of  great  value  as  an  aid  to  theoretical  developments 
and  interpreting  experimental  observations  of  outer- 
q>ace  and  upper-atmosphere  phenomena.  Perhaps 
studies  such  as  these  may  be  used  as  a  “fingerprint” 
for  molecular  IIjO  and  other  species.  We  hope  to 
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extend  these  studies  to  higher  energies  and  other 
molecular  solids  including  those  imbedded  in  inert- 
gas  matrices. 

The  results  of  this  work  may  be  summarized  as 
follows.  The  photodissociative  ionization  of  amor¬ 
phous  ice  was  studied  in  the  energy  range  17  <hv 
<  35  eV.  The  only  photodesorbed  ion  observed  is 
H*:  any  O*  or  OH*  desorption  must  be  less  than 
10-3  the  H*  desorption  yield.  This  observation  sup¬ 
ports  a  model  of  the  ice  surface  that  has  hydrogen 
in  the  top  layer.  A  model  for  the  amorphous-ice  sur¬ 
face  is  proposed  which  contains  six  types  of  sites, 
exclusive  of  defect  sites.  From  three  of  these  sites, 

11*  may  be  desorbed  by  a  single-quantum  process, 
but  Oil*  desorption  is  unlikely  at  all  six  sites.  Exami¬ 
nation  of  the  yield  spectrum  reveals  that  desorption 
may  proceed  via  the  Knotek-Feibelman  (KF)  mech¬ 
anism  [9]  or  via  a  mechanism  similar  to  that  pro¬ 
posed  by  Menzel  and  Gomer  [10]  and  by  Redhead 
(1 1  ] ,  the  “MGR”  mechanism. 


2.  Experimental 

The  basic  experimental  apparatus  is  shown  in 
fig.  1 .  The  variable-energy  photon  source  was  pro¬ 
vided  by  the  eight-degree  line  at  the  Stanford  Syn¬ 
chrotron  Radiation  Laboratory  (SSRL),  which  pass¬ 
ed  radiation  in  the  range  4  <  hv  ^  35  eV.  A  Seya- 
Namioka  monochromator,  operated  with  a  2.5  A 


I  ig.  1 .  Schematic  of  the  apparatus  used  lor  PSID  on  cryogen¬ 
ic  surfaces 
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band  pass,  dispersed  the  incoming  radiation.  The  ions 
were  counted  by  a  time-of-flight  (TOF)  detector  sim¬ 
ilar  to  the  one  described  earlier  [1] ,  which  utilized 
the  excellent  timing  properties  of  the  synchrotron 
radiation  at  SSRL  (pulse  width  *03  ns  and  inter¬ 
pulse  period  780  ns).  The  detector  described  in  ref. 
[1]  was  modified  to  improve  field  homogeneity  and 
to  allow  the  drift  tube  to  be  floated;  thus,  the  drift- 
tube  voltage  (Fdr)  and  therefore  the  ion  energies  and 
flight  times  could  be  varied  independently  of  the  volt¬ 
age  on  the  spiraltron  (K^).  The  results  reported  here 
were  obtained  at  Fdr  *  1650  V  and  *  1800  V, 
with  a  3  cm  drift  tube  situated  2  cm  from  the  sample. 

The  ice  films  were  grown  by  injecting  degassed, 
triply  distilled  water  vapor  through  a  stainless  steel 
doser  tube  onto  an  A^C^  substrate  cooled  to  6  K 
by  liquid  helium  (fig.  1).  These  conditions  are  known 
to  produce  amorphous  ice  [12] .  During  the  10  min 
deposition  period,  the  pressure  in  the  UHV  chamber 
rose  from  less  than  2  X  10“'°  Torr  to  5  X  10-8  Torr. 
Within  a  few  minutes  of  the  cessation  of  film  growth, 
the  residual  pressure  was  less  than  10-9  Torr.  For 
some  films,  a  continuous  flow  of  H20  producing  a 
chamber  pressure  of  *  1  X  10~9  Torr  (±20%)  was 
used  to  constantly  refresh  the  surface.  The  TOF  mass 
spectra  of  photodesorbed  positive  ions  were  taken 
at  periodic  intervals  after  growth  of  the  films. 


3.  Results 

In  all  spectra  taken  on  a  freshly  prepared  sample, 
the  only  detectable  mass  was  H*,  in  contrast  to  previ¬ 
ously  reported  PSID  results  on  H20-doped  surfaces 
of  insulators  and  semiconductors  [1,2] .  If  the  sam¬ 
ple  was  allowed  to  age  for  several  hours,  higher-mass 
peaks  (probably  due  to  condensation  of  the  ambient 
gas)  could  sometimes  be  detected;  these  peaks  were 
always  less  than  1%  of  the  H+  peak.  In  order  ot  illus¬ 
trate  the  difference  in  mass  spectra  between  lightly 
ll20-doped  AJiOj,  as  studied  in  ref.  [2] .  and  an  ice 
film  grown  on  an  AI1O3  substrate,  the  following  ob¬ 
servation  was  made.  The  TOF  mass  spectrum  was 
monitored  continuously  during  the  initial  deposition 
of  li20  on  the  cold  A12Oj  (*6  K).  Both  H*  and  Oil* 
ion  peaks  appeared  immediately  when  ll20  deposi¬ 
tion  began.  After  *  100  s  (of  the  order  of  1  - 10  L 
of  exposure),  the  Ol  I*  count  rate  dropped  to  zero 
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Fig.  2.  H*  yield  as  a  function  of  photon  energy  from  ice  at 
a  temperature  of  10  K.  The  data  have  been  normalized  to 
incident  photon  flux  and  smoothed. 

and  remained  zero  thereafter,  while  the  H+  count 
rate  remained  strong. 

In  order  to  determine  the  excitation-energy  de¬ 
pendence  of  the  H+  yield,  time-resolved  excitation 
spectra  were  obtained  [1] .  A  time  window  was  set 
around  the  H+  peak,  and  the  net  area  of  the  peak  was 
plotted  versus  photon  energy.  The  result,  normalized 
to  incident  photon  flux  and  smoothed,  is  shown  in 
fig.  2.  The  H+  yield  spectrum  shows  thresholds  at 
2 1 .5  and  25  eV  and  a  distinct  shoulder  at  33  eV. 
Structures  seen  near  29  eV  varied  from  sample  to 
sample,  although  some  structure  in  the  27.5-30  eV 
was  observed  in  every  spectrum. 


4.  Discussion 
4.1.  Previous  work 

The  only  desorption  studies  previously  reported 
on  ice  surfaces  have  used  electrons  as  the  excitation 
source.  Madeyand  Yates  (13]  studied  amorphous- 
ice  films  formed  at  90  K  on  a  Ru(001 )  surface  using 
electrons  in  the  range  100-200  eV.  Their  results 
show  H*  to  be  the  major  desorption  product,  with 
higher  masses  being  produced  at  a  1%  level.  They  al¬ 
so  reported  the  angular  distribution  of  H+  desorp- 
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tion,  which  shows  that  the  O-H  bond  is  directed  nor¬ 
mally  outward  from  the  surface.  Floyd  and  Prince 

(14]  observed  desorbing  clusters  of  H*(H20)n  (n 
■  3-9)  by  bombarding  ice  condensed  at  193  and 
153  K  with  80  eV  electrons.  They  did  not  see  cluster 
formation  below  90  K,  which  is  consistent  with  the 
findings  of  Madey  and  Yates  and  the  present  study. 
The  photoabsorption  spectrum  of  ice  has  been  re¬ 
ported  between  17  and  30  eV  by  Watanabe  et  al. 

[15]  .  Their  results  show  a  smooth,  monotonic  de¬ 
crease  in  the  absorption  coefficient  with  energy  ex¬ 
cept  for  a  weak  shoulder  at  25  eV. 

4.2.  Mechanisms 

Currently  there  are  two  proposed  mechanisms  by 
which  desorption  from  surfaces  is  thought  to  take 
place:  the  KF  or  Auger-assisted  mechanism  and  the 
MGR  or  Franck— Condon  gap  excitation  mechanism. 
From  currently  available  theory,  it  is  not  possible 
for  us  to  determine  which  mechanism  is  responsible 
for  each  structure  observed  in  fig.  2.  We  will  discuss 
possible  contributions  of  KF  and  MGR  mechanisms 
to  the  major  features  of  fig.  2  based  on  energy  con¬ 
siderations. 

The  relevant  energy  levels  of  bulk  ice  deduced 
from  X-ray  photoelectron  spectroscopy,  ultraviolet 
photoelectron  spectroscopy,  and  ultraviolet  absorp¬ 
tion  data  [16-20]  *  are  shown  in  fig.  3a,  along  with 
the  molecular-orbital  symmetry  assignments.  The 
band  structure  of  cubic  ice  calculated  by  Paravicini 
and  Resca  [22]  is  shown  in  fig.  3b,  along  with  the 
energy  region  in  which  Rydberg  levels  have  been  re¬ 
ported  for  free  H20  molecules  by  Goddard  and  Hunt 
[23]  and  others. 

(i)  The  KF  mechanism  (9] .  This  desorption  mech¬ 
anism  proceeds  by  a  three-step  process:  ( 1 )  creation 
of  a  core  hole  (by  photoabsorption  in  our  case). 

(2)  Auger  decay  of  the  core  hole  involving  extraction 
of  two  or  more  electrons  from  the  valence  orbitals: 
and  (3)  coulontbic  repulsion  of  the  ion  from  the  sur¬ 
face  due  to  its  change  of  charge  state.  Both  shallow 
(1)  and  deep  [2,5]  core  holes  have  been  shown  to 
induce  desorption  via  this  mechanism. 

*  Note  that  the  previously  reported  XPS  results  of  Siegbahn 
et  al.  |2! )  have  been  reconciled  by  Baron  and  Williams 
( 16)  with  corrections  for  surface  charging  to  represent 
cubic  ice. 


490 


17 


Volume  SO,  number  3 


CHEMICAL  PHYSICS  LETTERS 


IS  June  1981 


lot  lb) 


I  if  3.  (a)  l.lectron-encrgy  levels  of  bulk  ice.  (b)  electronic 
band  structure  calculated  for  cubic  icc  and  the  range  of  Ryd' 
berg  levels  in  free  ll}0  molecules  Part  (a)  is  deduced  from 
the  data  of  refs.  (16  2(i| .  The  band-struciure  calculation  is 
due  to  ref.  (22 1 ,  and  the  Rydberg  states  are  reported  in  ref. 
1231 


In  the  case  of  ice,  the  shallowest  core  level  (2a, ) 
stems  from  the  oxygen  2s  state,  and  appears  to  lie 
between  27  and  34  eV  below  the  vacuum  level  (see 
fig.  3).  Excitation  of  an  electron  from  the  top  of  the 
2a,  band  to  the  lowest  unoccupied  state,  4a, ,  requires 
25  eV  excitation  energy.  Excitation  to  the  hypothe¬ 
sized  Rydberg  levels  would  require  at  least  22  eV. 
Based  on  this  energy  analysis,  it  seems  possible  to  ex¬ 
plain  the  25  eV  threshold,  the  33  eV  shoulder,  and 
possibly  the  21.5  eV  threshold  shown  in  fig.  2. 

However,  this  simple  energy  analysis  neglects  sev¬ 
eral  important  considerations.  First,  the  bulk-ice  ener¬ 
gies  shown  in  fig.  3  may  not  accurately  represent  the 
energies  of  states  at  desorption  sites  dh  the  surface. 
Second,  the  Rydberg  states  of  the  free  molecule  may 
not  survive  condensation  into  an  amorphous  solid. 
Third,  the  Auger  transition  of  the  KF  mechanism 
creates  two  or  more  valence  holes  at  the  desorption 
site,  and  an  accounting  must  be  made  for  the  result¬ 
ing  energy  of  hole-hole  repulsion,  lattice  polariza¬ 
tion,  and  lattice  relaxation.  Finally,  the  altered-charge 
state  of  the  desorbing  ion  must  have  a  long  enough 
lifetime  for  the  desorption  to  take  place,  i.e. 
r  £  10~12  s.  None  of  these  considerations  have  been 
adequately  investigated,  either  theoretically  or  ex¬ 
perimentally.  Hence,  it  is  not  possible  to  evaluate 
their  influence  on  KF-model  desorption  in  amor¬ 
phous  ice. 

(ii)  The  MGR  mechanism  [10,1 1  ] .  This  mecha¬ 
nism  is  the  solid-state  analog  of  free-molecule  photo¬ 
dissociation,  i.e.  the  excitation  of  the  molecule  to  an 
unbound  part  of  the  ionic  potential-energy  surface. 
Fhotodissociative  ionization  of  solids  via  the  MGR 
mechanism  has  not  been  previously  reported,  although 
recent  PSID  experiments  on  H*  desorption  from  Pd 
in  the  range  17  <hv  <  34  eV  do  indicate  an  MGR- 
like  mechanism  for  that  system  [24} . 

Many  experimental  [25-30]  and  theoretical  [31] 
studies  of  the  photodissociative  ionization  of  gaseous 
ll20  have  been  reported.  The  experimentally  deter¬ 
mined  thresholds  for  production  of  OH*  and  II*  are 
18.1  and  18.7  eV,  respectively.  It  is  generally  thought 
that  ‘‘predissociation"  of  the  B  *Bi  level  of  H>0*  is 
responsible  for  production  of  these  ions  |27-31  ] . 

Oil*  is  created  via  the  X  2 B,  state  and  H*  via  the 
A  -A,  state.  The  partial  cross  sections  for  production 
of  both  01 1*  and  1 1*  peak  around  2 1  eV;  at  this  ener- 
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gy,  the  OH4  yield  it  roughly  five  timet  the  H4  yield 
[25J . 

The  retultt  on  amorphous  ice  thown  in  fig.  2  are 
very  different.  The  threthold  energies  and  the  shape 
of  the  H4  yield  spectrum  are  not  similar  to  the  gas- 
phase  results  of  ref.  (25] ,  and  there  it  no  OH4  pro¬ 
duced.  The  lack  of  OH4  production  can  be  under¬ 
stood  by  studying  the  desorption-site  structure,  as 
explained  below.  The  21.5  eV  threshold  shown  in 
fig.  2  could  be  due  to  an  MGR-type  mechanism,  pos¬ 
sibly  involving  molecular  predissociation  as  in  the 
gas  phase. 

Apparently  no  theoretical  or  experimental  work 
has  been  reported  on  predissociation  in  molecular 
solids.  If  this  mechanism  were  to  occur  in  ice,  the 
predissociating  level  would  be  the  B  2B2  level,  as  in 
the  free  molecule,  which  lies  16.5  eV  below  the  vacu¬ 
um  level  (see  fig.  3).  Shibaguchi  et  al.  [19]  claim 
that  ice  has  a  conduction  band  of  high  density  of 
states  lying  3.5  eV  above  the  vacuum  level.  Although 
this  claim  is  disputed  by  Abbati  et  al.  [20] ,  the  ener¬ 
gy  difference  between  these  two  levels  (20  eV)  is 
close  to  the  21.5  eV  threshold  observed  in  fig.  2. 
However,  even  if  this  interpretation  is  essentially  cor¬ 
rect.  it  must  be  considered  oversimplified,  since  there 
remain  several  small  effects  which  cannot  now  be 
adequately  evaluated. 

For  the  major  threshold  at  25  eV,  we  find  no  ener¬ 
gy  levels  by  which  an  MGR-type  photodesorption  of 
H+  could  occur. 

4.3.  Surface  structure 

The  surface  structure  of  amorphous  ice  may  be 
guessed  from  crystallographic  data  on  ice.  Although 
ice  can  crystallize  in  many  forms,  aU  are  based  on 
the  tetrahedral  coordination  of  the  oxygen  sublattice 
and  a  single  hydrogen  located  along  each  0-0  axis 
(32] .  Thus,  in  the  two  common  forms  of  ice,  the 
oxygen  sublattice  is  a  diamond  structure  (cubic  ice 
which  forms  between  1 35  and  1 60  K)  or  a  wurtzite 
structure  (hexagonal  ice  which  forms  above  160  K). 
Pauling  [33]  has  shown  that  the  low-temperature 
behavior  of  the  entropy  can  be  explained  if  three 
rules  are  followed:  (1 )  The  hydrogens  are  not  cen¬ 
tered  in  the  0-0  axis  but  are  covalently  bonded  to 
one  oxygen  (bond  length  1 .01  A)  and  hydrogen  bond¬ 
ed  to  the  other  oxygen  (bond  length  1 .75  A).  (2) There 
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Fjg.  4.  Types  of  surface  sites  on  amorphous  ice.  Although 
tilted  randomly  in  the  amorphous  surface,  the  surface  sites 
may  be  categorized  as  shown  in  terms  of  hydrogen  placement 
relative  to  the  surface  plane.  The  large  circles  represent  oxy¬ 
gen  atoms,  and  the  small  circles  represent  hydrogens.  Both 
atoms  are  scaled  according  to  their  covalent  radii.  The  dash¬ 
ed  circles  above  the  surface  show  the  locations  of  atoms  need¬ 
ed  to  complete  the  tetrahedral  coordination  of  the  bulk  solid 


are  only  two  hydrogens  covalently  bonded  to  each 
oxygen.  (3)  The  hydrogens  are  statistically  distributed 
among  the  configurations  allowed  by  rules  ( 1 )  and 
(2).  (The  latter  requirement  also  is  necessary  in  order 
that  the  ice  crystal  not  be  ferroelectrically  polarized.) 
From  this  picture  of  crystalline  ice.  one  may  guess 
that  amorphous  ice  will  be  locally  similar  but  with 
the  long-range  order  broken  as  in  amorphous  Si  or 
Si°2. 

Ignoring  defect  sites  *,  the  amorphous-ice  surface 
should  then  have  six  types  of  sites  distributed  over 
the  surface.  These  are  shown  schematically  in  fig.  4. 
Sites  B,  C,  and  E  have  hydrogen  atoms  “up"  where 
they  arc  accessible  for  desorption  via  single-quantum 
excitation,  while  sites  A.  D,  and  F  do  not.  By  con¬ 
trast,  the  desorption  of  OH4  is  unlikely  at  all  sites 
due  to  the  need  to  break  two  or  three  bonds. 

It  seems  likely  that  both  “H  up"  sites  (B.  C.  and 
E)  and  “II  down"  sites  (A,  D,  and  F)  occur  on  the 
amorphous  ice  surface,  but  not  necessarily  with  equal 
frequency.  Fletcher  [34-  36]  contends  that  thermo- 

*  Desorption  tt  defect  rites  would  be  expected  to  yield  j 
complex  ion  spectrum  including  it: O'.  Oil*,  and  O'.  The 
ihscnce  of  these  heavier  tons  is  evidence  for  a  low  densttv 
of  defect  rites  on  the  surface. 
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dynamical  considerations  favor  the  “H  up”  surface 
The  amorphous  ice  surfaces  formed  at  very  low  tern* 
peratures  may  not  show  the  thermodynamically  pre¬ 
ferred  distribution,  but  may  be  governed  more  strong¬ 
ly  by  non-equilibrium  growth  considerations.  Our  re¬ 
sults  confirm  those  of  Madey  and  Yates  [13]  that 
there  are  outward-pointing  O-H  bonds  on  the  sur¬ 
face,  but  do  not  rule  out  the  existence  of  “11  down” 
sites  (A,  D,  and  F)  or  sites  with  non-normal  O-H 
bonds  (sites  C  and  E).  The  latter  sites  may  be  difficult 
to  observe  in  the  angular-distribution  experiments 
due  to  the  much  larger  solid  angle  into  which  these 
ions  may  be  desorbed. 
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